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northwestern Laurentide ice sheet would also have contributed
to some of the East Greenland Current discharge. A preliminary
evaluation of Mediterranean 8'%0 records points to only a minor
contribution of glacial meltwater from rivers draining into the
Black Sea, in agreement with the conclusions of other workers*
The volume estimates contained in Table 2 should be consndered
minimum estimates, however, because potential contributions
of meltwater from the Arctic Ocean through the Bering Strait
(after its submergence) are not included in this analysis.

Simple calculations using the volume estimates in Table 2
place limits on the minimum 6'#0 of the ice sheets (Table 3)
for a probable range of values suggested as representing the
glacial-interglacial change in 8'%0,, (ref. 41). If significant
meltwater contributions can be traced to the Bering Strait and
to Antarctic deglaciation, the values in Table 3 would be
increased proportionately (made less negative). The mean 5'20
of the ice sheets cannot be taken to represent the average 6'%0
of the meltwater dilutant during a specxﬁc time interval, however,
because of possible large variations in 8'®0 within the ice
sheets*® and unknown variations in the 8'®0 of precipitation
during deglaciation. While we are therefore at present unable
to accurately estimate salinity from estimated 6'%0,,, we feel
the approach adopted here makes it possible to better under-
stand the dynamics of meltwater discharge during the last, and
possibly previous, deglaciations of the Pleistocene.
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During the past decade it has become clear that the long-lived
stratospheric clouds produced by volcanic eruptions are composed
largely of sulphuric acid aerosols’?, The amount of sulphur-rich
volatiles (for example, SO,, H,S) injected into the stratosphere
by an explosive eruption is, therefore, a critical determinant of its
atmospheric impact™. The small-volume eruptions of Mt Agung
in 1963 and El Chichén in 1982 both generated substantial stratos-
pheric aerosol clouds, despite the fact that they erupted <0.5 km®
of magma. Comparison of data from direct measurements of
stratospheric optical depth, Greenland ice-core acidity, and vol-
canological studies shows that such relatively small, but sulphur-
rich, eruptions can have atmospheric effects equal to or even greater
than much larger sulphur-poor eruptions. These small eruptions
are probably the most frequent cause of increased stratospheric
aerosols.

The recent eruption of El Chichdn has provided fresh evidence
that small-volume explosive events can have significant atmos-
pheric impact®>S. An older, but classic example is the 1963
eruption of Mt Agung (Gunung Agung) on the island of Bali,
which is considered to be among the most important volcanic
events of the twentieth century, primarily because of its possible
effects on global climate”®. The 1963 Agung eruption (8°S) was
a small-volume vulcanian to subplinian explosive event that
produced about 0.3-0.6 km® of basaltic andesite magma. It has
been given a volcanic explosivity index (VEI)*'? rating of 4 on
the scale of 0 to 7. The VEI is a combined measure of the
explosive violence and volume of discharged pyroclastics of an
eruption. The rather unusual Agung eruption sequence, with an
early lava flow followed by climactic explosions, may be
explained by the mixing of two distinct magma types''. The
duration of the major explosive phase on 17 March 1963 was
about 7 h, while the 16 May eruption lasted for 5 h, suggesting
peak rates of output of dense magma of ~10*m?®s™'. This is
calculated to have produced eruption columns at least 18 km
above sea level (as.l.)'?. The eyewitness reports of column
heights on 17 March and 16 May were only 13 km a.s.1.'?, but
ash and sulphate aerosols were collected over Australia at
20 km a.s.l. from April 1963 up to about a year afterwards'
The resultant change in stratospheric aerosol optical depth'®
peaked in the Southern Hemisphere subtropics and mid-lati-
tudes at 0.2 to 0.3 from August to November 1963; Northern
Hemisphere peak optical depths were much less, only ~0.02
measured at Hawaii'® during late 1963.

The measured optical-depth changes after the eruption sug-
gest ~1-2x10" g of aerosol in the stratosphere'”!%. Based on
the maximum estimated bulk volume of Agung ashfall (~1 km?),
the total amount of very fine (<2 um) ash that could have been
produced by the eruption is roughly estimated'® as <8 x10'% g.
Direct hlgh-altltude sampling soon after the eruption suggests
~5%10'? g of ash in the stratosphere?’. Such fine ash has only
a brief stratospheric residence time, however, and was largely
removed within a few months, leaving an aerosol cloud com-
posed mainly of H,SO, droplets®

For comparison, the El Chichén (17° N) eruption in 1982 was
also small in volume, producing about 0.3-0.35 km? of trachyan-
desite magma®""?2, The eruption had three main subplinian
explosive phases of VEI =4 on 28 March, 3 and 4 April. The
eruption columns penetrated the stratosphere, where the main
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Table 1 Comparison of eruption characteristics
Stratospheric Stratospheric H,S0,
Eruption column H,S0, H,S0, yield (g)
height (km) aerosols (g) aerosols (g) (from Northern
Volume of magma (c=calculated (from optical (from ice-core inclusion;8 Hemisphere Refs
Eruption VEI° erupted (km”) o = observed) depth)l7 acidity)®® analysis) AT (°C) {cols 3-8)

Tambora (8°S) 7 =50 >40 (c) 2x10' 1.5%10'" 5x10" —-0.4 to —0.7 35,35, 17,

1815 29,28, 17
Krakatau (6°S) 6 =10 >40 (c) 5x10" 5.5x10" 3x10"? -0.3 3,3,1,29,

1883 28, 36
Santa Maria (15° N) 6 ~9 >30(c, o) =2x10"? <2x10"? — -04 37,37, 1,

1902+ ; 1, —, 36
Katmai (58° N) 6 15 >27(¢) <2x10" <3x10 — -0.2 38, 38, 1,

1912 0 1, —, 36
Mt St Helens (46° N) 5 0.35 22 (o) ~3x10"! — 8x10 0to —0.1 39, 40, 40,

1980 —, 28, 41
Agung (8°8) 4 0.3 t0 0.6 >18(c) 1-2x10" % 3x10'? 0.3 11, 11, 23,

1963 13 (o) o —, 28,36
El Chichén (17° N) 4* 0.3100.35 26 (o) 1-2x10" — 7x10 —0.4 to —0.6 22, g,s 22,2

1982 —, 28,
Laki (64° N) 4 0.3 (tephra) ? <ix10" 9x10" ~-1.0 4 —,

1783 12.3 (lava) t, 28, 43

*8. S., unpublished data.
T See text.

+ Hammer ef al®® give 2x10"? g, but this acidity peak cannot be a result of the Agung eruption, see text.
I Jones*? states that much of this decrease occurred between January and March 1982, before the eruption took place.

stratum of El Chichén aerosol spread out at about 26 km alti-
tude®. Estimates based on lunar eclipse data®® give an average
global peak optical depth of 0.12 in December 1982; the aerosol
was preferentially concentrated in the Northern Hemisphere,
where the optical depth was 0.15. Conversion from optical depth
to sulphuric aerosol mass loading'’ yields about 2x 10" g of
H,SO, aerosol in the global stratosphere 6 months after the
eruption. This agrees with estimates based on airborne lidar
measurements® (1.2x10'*g) and on balloon-borne particle
counters® (1-2x10' g).

The large amount of sulphur volatiles released during these
eruptions and injected into the stratosphere seem to be the most
critical factor in their long-term atmospheric effects®*. Several
studies have suggested that iron-rich basaltic and andesitic melts
have a generally high capacity to carry dissolved sulphur®?®.
Melts of iron-poor dacite to rhyolite composition that commonly
produce large volume, explosive plinian and ignimbrite erup-
tions (for example Krakatau 1883, Santa Maria, 1902) are
usually poorer in sulphur volatiles®?"5,

Table 1 compares the vital statistics of significant explosive
volcanic eruptions of the past 200 yr. The explosive magnitude
of an eruption is succinctly summarized by its VEI value (column
2). The largest eruptions produced voluminous airfall and pyro-
clastic flow deposits (ignimbrite) (column 3) and had very high
eruption columns (column 4). The global stratospheric aerosol
mass loadings in column § were calculated using the method
of Stothers'’, where mass loadings (Mp) may be obtained from
the global-average peak optical depth measurement (7p) using
the formula Mp, = 1.5 X 10" 7, (grams). The estimates of global
stratospheric aerosols based on Greenland ice-core acidities
(column 6) are from Ref. 29. The values for Santa Maria, Katmai
and Laki are given as upper limits because the aerosol clouds
from these eruptions were probably restricted to the Northern
Hemisphere or some portion of it. The sulphuric acid yield of
the eruptions listed in column 7, taken from Ref. 28 are based
on microprobe analyses of sulphur in volcanic ash samples and
on estimates of the pre-eruption sulphur content of the magma
from analyses of sulphur volatiles in glass inclusions trapped
within crystals that formed just before the eruption®®. The values
in column 7 were derived by subtracting the amount of sulphur
remaining within the ash from the amount of sulphur volatiles
found in the inclusions and then multiplying by the total volume
of erupted magma. This ‘sulphur yield’ was then converted into
the equivalent sulphuric acid aerosol mass?.

The maximum observed post-eruption Northern Hemisphere
temperature decreases that might be associated with the erup-

tions are listed in column 8. Specifically, AT is the difference
between the temperature in the year before the eruption and
the lowest temperature in the 1-3 yr following the eruption. In
the case of St Helens, Northern Hemisphere temperatures rose
in the 2 yr following the eruption, and the quoted decrease is
the theoretical value of Robock*'. However, not all of the
temperature decreases can be attributed to the volcanic aerosols;
in several instances the temperature decreases began before the
eruption in question and in all cases, the signal is of the same
order as interannual variability’. Furthermore, in certain cases,
(for example, 1902) several eruptions capable of producing
stratospheric aerosols may have occurred in close succession
[forexample, Pelée 1902 (VEI = 4) and Soufriére 1902 (VEI = 4)].

Several conclusions can be reached based on the data in Table
1. First, small magnitude volcanic eruptions can produce atmos-
pheric after-effects like those of much larger eruptions. Second,
there is good agreement between the aerosol estimates based
on direct observations of changes in stratospheric optical
depth®'7'%2% and those based on acid fallout over the Green-
land ice sheet®. In the case of Agung, however, the agreement
must be fortuitous; stratospheric optical depth measurements
clearly show that the bulk of the aerosol stayed in the Southern
Hemisphere'®. The small Northern Hemisphere optical depth
of 0.02 indicates only ~3 X 10'? g of aerosol in the Northern
Hemisphere stratosphere. The Greenland acidity peak in 1963—
64 is too large, possibly because of input of aerosols from high
northern latitude eruptions (such as, Surtsey in Iceland). Third,
in all cases, the calculations of total sulphur release based on
volcanological studies® are evidently underestimates, although
in a relative sense they are in general agreement with the other
methods. For El Chichén, the volcanological estimate of sulphur
release is more than 2 orders of magnitude too low compared
with the direct measurements of sulphuric acid aerosols in the
stratosphere. Clearly these analyses are missing some source of
additional sulphur release.

Where could the excess sulphur released in these eruptions
have come from? In the case of El Chichén, anhydrite (CaSO,;
considered rare in volcanic rocks) occurs as a common pheno-
cryst phase in the deposits, and decomposition of anhydrite has
been suggested as a source of additional sulphur during the
eruption®>?%, The Agung deposits, however, show no evidence
of anhydrite. Another possible source of sulphur volatiles is
degassing of non-erupted magma®. Rose et al3*?! calculated
that for the 1974 eruption of Fuego (Guatemala) (also a small
andesitic eruption) the amount of sulphur released required
degassing of a body of intrusive magma about 5 times the mass
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of the erupted material. If a similar situation occurred during
the Agung eruption, then the total sulphur release would have
been about 2.6 X102 g (or enough to produce about 8 x10'? g
of H,SO, aerosols).

This study suggests that frequent, very-intense vulcanian to
sub-plinian eruptions from the world’s many active basaltic—
andesitic composite volcanoes, such as Agung 1963, are prob-
ably the most common cause of significant perturbations of the
stratospheric aerosol layer. These small eruptions are often rich
in sulphur volatiles®® and can inject them efficiently into the
stratospheric aerosol layer. The source of the sulphur enrich-
ment, however, is not obvious. To solve this problem, a better
understanding is required of the sulphur systematics in magmas
and the processes taking place in shallow magma bodies beneath
the volcanoes. For example, physical mixing of magmas of
different composition may have been an important driving force
in the Agung eruption and in many other basaltic-andesite
volcanoes®?; such magma-mixing events may also control the
concentrations and mode of release of sulphur gases and other
volatiles during these eruptions.

A possible connection has been previously established
between volcanic perturbations of the stratospheric aerosol layer
and short-term (1-5 yr) climate cooling®*’~33* We note from
our new results in Table 1 that for the eruptions studied, AT is
roughly proportional to M4, as has been found previously by
Devine et al.?®, Studies of polar ice cores show a further correla-
tion between longer (decadal) periods of elevated ice-core acid-
ity and cool climate®. This suggests that episodes of increased
sulphur-rich explosive volcanism may be an important modu-
lator of long-term climate change. The connection between
sulphur-rich volcanism and climate cooling may extend to large-
volume basaltic fissure-type eruptions such as Laki (1783)%%.
Large quantities of sulphuric acid aerosols could possibly be
lofted into the lower stratosphere by such eruptions®®; ulti-
mately, flood-basalt extrusions may have the greatest effects on
the global atmosphere of any volcanic events.

We thank the Indonesian Volcanological Survey, Bandung,
and especially Adjat Sudradjat (director) for hospitality and
assistance, J. F. Luhr for unpublished analyses, H. Sigurdsson
and R. B. Stothers for discussions, and R. S. J. Sparks and L.
Wilson for critical reviews. The Indonesian Institute of Sciences
(LIPI) granted permission to work on Bali in 1979. Supported
by NASA grant NSG 5145 and cooperative agreement NCC
5-16 with Columbia University.

Received 3 January; accepted 15 June 1984.

. Castleman, A. W. Jr, Munkelwitz, H. R. & Manowitz, B. Tellus 26, 222-234 (1974).
. Pollack, J. B. et al. J. geophys. Res. 81, 1071-1083 (1976).
. Rampino, M. R. & Self, S. Quat. Res. 18, 127-143 (1982).
. Sigurdsson, H. EOS 63, 601-602 (1982).
. Pollack, J. B., Toon, O. B., Danielsen, E. F., Hofmann, D. J. & Rosen, J. M. Geophys. Res.
Lett. 10, 989-992 (1983).
Rampino, M. R. & Self, S. Scient. Am. 205, 48-57 (1984).
Lamb, H. H. Phil. Trans. R. Soc. A266, 425-533 (1970).
Hansen, J. E., Wang, W.-C. & Lacis, A. A. Science 199, 1065-1068 (1978).
. Newhall, C. G. & Self, S. J. geophys. Res. 87, 1231-1238 (1982).
. Simkin, T., Siebert, L., McClelland, L., Bridge, D., Newhall, C. & Latter, J. H. Volcanoes
of the World (Hutchi Ross, Stroudsburg, 1981).
11. Self, S. & Rampino, M. R. Preprint, Univ. Texas (1984).
12. Wilson, L., Sparks, R. S. J., Huang, T. C. & Watkins, N. D. J. geophys. Res. 83, 1829~1836
(1978).
13. Zen, M. T. & Hadikusumo, D. Bull. volcan. 27, 269-299 (1965).
14. Mossop, S. C. Nature 203, 824-827 (1964).
15. Volz, F. E. J. geophys. Res. 78, 5185-5193 (1970).
16. Mendonca, B. G., Hanson, K. J. & Deluisi, J. J. Science 202, 512-515 (1978).
17. Stothers, R. B. Science 224, 1191-1198 (1984).
18. Deirmendjian, D. Adv. Geophys. 16, 267-297 (1973).
19. Murrow, P. J,, Rose, W. L. Jr & Self, S. Geophys. Res. Lett. 7, 893-896 (1980).
20. Toon, O. B. & Pollack, J. B. in The Stratospheric Aerosol Layer (ed. Whitten, R. C.) 121-147
(Springer, Berlin, 1982).
21. Varekamp, J. C. & Luhr, J. F. EOS 63, 1126 (1982).
22. Duffield, W. A., Tilling, R. 1. & Canul, R. J. Volcan. Geotherm. Res. 20, 117-132 (1984).
23. Keen, R. A. Science 222, 1011-1013 (1983).
24. McCormick, M. P. & Swissler, T. J. Geophys. Res. Lert. 10, 877-880 (1983).
25. Hofmann, D. J. & Rosen, J. M. Univ. of Wyoming, Dept. Phys. Astr. Rep. AP-77,1-27 (1983).
26. Haughton, D. R., Roeder, P. L. & Skinner, B. J. Econ. Geol. 69, 451467 (1974).
27. Eichelberger, J. C. & Westrich, H. R. Geophys. Res. Lett. 8, 757-760 (1981).
28. Devine, J. D, Sigurdsson, H., Davis, A. N. & Self, S. J. geophys. Res. 89, 6309-6325 (1984).
29. Hammer, C. U, Clausen, H. B. & Dansgaard, W. Nature 288, 230-235 (1980).
30. Rose, W, L, Jr., Stoiber, R. E. & Mali ico, L. L. in Andesites (ed. Thorpe, R. S.) 669-676
(Wiley, New York, 1982).

TR W N —

Sowae

LETTERSTONATURE

679

31. Rose, W. 1., Jr., Wunderman, R. L., Hoffman, M. F. & Gale, L. J. Voican. Geotherm. Res.
17, 133-157 (1983).

32. Eichelberger, J. C. Nature 275, 21-27 (1978).

33. Taylor, B. L., Gal-Chen, T. & Schneider, S. H. Q. JI R. met. Soc. 196, 175-199 (1980).

34. Self, S., Rampino, M. R. & Barbera, J. J. J. Volcan. Geotherm. Res. 11, 41-60 (1981).

35. Self, S., Rampino, M. R., Newton, M. S. & Wolff, J. A. Geology (in the press).

36. Jones, P. D., Wigley, T. M. L. & Kelly, P. M. Mon. Weath. Rev. 110, 59-70 (1982).

37. Williams, S. N. & Self, S. J. Volcan. Geotherm. Res. 16, 33-56 (1983).

38. Hildreth, W. J. Volcan. Geotherm. Res. 18, 1-56 (1983).

39. Lipman, P. W. & Mullineaux, D. R. (eds), U.S. Geol. Survey Prof. Pap. 1250, 1-844 (1981).

40. Newell, R. E. & Deepak, A. (eds) NASA SP-458, 1-119 (1982).

41. Robock, A. Science 212, 1383-1384 (1981).

42. Jones, P. D. Climate Monitor 11, 125 (1982).

43. Koppen, W. Z. Ost. Gesell. Met. 8, 257-267 (1973).

On the formation of calderas
during ignimbrite eruptions
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Many large calderas result from the eruption of substantial
volumes (tens or hundreds of km®) of silicic pyroclastics. Such
events often begin with an airfall phase and progress to the
generation of voluminous ignimbrites'. We propose here that
many such eruptions involve two well-defined stages, based on a
simple analysis of magma chamber pressure variations during an
eruption. The first stage begins when an overpressured magma
chamber fractures the country rock and forms a conduit to the
surface. The chamber pressure decreases rapidly to values less
than lithostatic pressure. We show that only small to moderate
volumes of magma, representing a small fraction of the total
chamber, can be erupted during this stage. In the second stage,
caldera collapse results from a further decrease in magma pressure,
which causes the chamber roof to fracture catastrophically and
deform. Subsidence of the roof attempts to re-establish lithostatic
pressures within the chamber and can drive substantial volumes
of magma to the surface. Geological relationships in pyroclastic
deposits associated with large caldera eruptions provide indepen-
dent evidence for this model.

Present ideas on caldera formation are strongly influenced by
studies in which it was recognized' that collapse was funda-
mentally the consequence of removal of magma from the
chamber. Smith and Bailey* presented a model of caldera evol-
ution, based largely on their studies of the Valles Caldera, New
Mexico. They envisaged that an eruption began when a large
body magma had accumulated within the upper crust, causing
regional uplift and stretching. They also recognized that collapse
often occurred while large volumes of ignimbrite were erupted
from the chamber. The area of collapse is often proportional to
the volume of erupted magma®, suggesting a simple relationship
between caldera collapse and removal of magma from the
chamber.

The broad features of these classic ideas are widely accepted
and are not in dispute here. We now present a simple analysis
of magma chamber pressure during eruption, which suggests
that caldera-forming events often have two distinct phases.

Figure 1 illustrates the two stages which are envisaged. Before
eruption, magmatic overpressure becomes large enough to sup-
port the chamber roof and to propagate tensile or shear fractures
to the surface®, triggering an eruption. Smith and Bailey pro-
posed that concentric, inward-dipping ring fractures were
formed during the pre-eruption doming, and that these fractures
provided pathways for initial magma ascent to the surface.
Although there is evidence for early ring fracture development
in some calderas®’, studies of the distribution of initial airfall
deposits around volcanic centres'*'? show that eruptions can
also begin in localized areas, perhaps along regional faults,
which are not obviously connected to a ring fracture system. In

* Present address: US Geological Survey, MS-910, Menlo Park, California 94025, USA.
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